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A nonlinear optical device comprises a nonlinear component such as a frequency doubling crystal^ adapted to transmit 
pulses of electromagnetic radiation at a predetermined fundamental frequency and to generate ope or more harrj^f^ f regency 
signals therefrom. The device also includes a spectral filter devi3e%ch as a dichroic mirror (4)^abte of4h%r^^ 
ing optical signals at the fundamental frequency to a greater extent than those at a;sejlei^j»rn^c frequency. WWpfifier (3) 
is tuned to amplify the optical signals at the selected harmonic frequency, and the amplified signals^ the selected hatmonic fre- 
quency are recombined together with transmitted optical signals at the fundamental frequency such that the opdc^-aignals at the 
selected harmonic frequency are at least partially reconverted into the fundamental ft^eric£ ' '">*" 
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NONLINEAR OPTICA! .PBVICg ,■ 

This invention relates to nonlinear optical 
devices, i.e. those including a nonlinear optical 
component such as a nonlinear crystal capable of • 
generating harmonic frequency components from, an optical 
signal input thereto. 

In Appl. Phys. B.45 191-195 K.A. Stankoy ^describes 
an arrangement in which a nonlinear crystal is iiseS f or 
second harmonic generation, the SHG signal being 
reflected by a dichroic mirror. A ph^se adjusting: glass ; 
plate regulates the phases of the optical signals jat th^ . :; 
fundamental and second harmonic frequencies stich that 
partial reconversion into the fundamental takes place" 
during the second passage through the nonlinear 
crystal. The arrangement is described as being used : to ^ 
mode lock a Nd : YAG laser. 

' " .. •->.• .. '. ... •-..»>•. . 

The present invention seeks ta, provide an 
improvement to the above described typfe- of arrangement . 

Accordingly, there is provided a nonlinear optical 
device comprising a source of intense pulses of 
electromagnetic radiation at a predetermined fundamental 
frequency; a nonlinear optical component adapted to- • V ; 
transmit the pulses of electromagnetic' radiation and to * 
generate one or more harmonic frequency signals 
therefrom; an amplifier tuned to amplify optical signals * 
at a selected harmonic frequency; and a reco^ination":- 
device adapted to recombine the amplified signals Vat' th^ 
selected harmonic frequency together with the 
transmitted optical signals at the fundani^ntal frequency;;, 
such that the optical signals at the selected harmppi . 
frequency Hire at least partially reconverted into the 
fundamental frequency. v 
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Such a nonlinear optical device is capable of 
operating as an optical amplifier of optical signals at 
a predetermined fundamental frequency and, as the actual 
amplification takes place at a select harmonic 
frequency, the amplified spontaneous emission (ASE) at 
the fundamental frequency is minimised. 

According to a preferred arrangement there is 
additionally provided a spectral filter device capable 
of differentially attenuating optical signals at the 
fundamental frequency to a greater extent than those at 
the selected harmonic frequency. As the conversion of 
the fundamental to the selected harmonic frequency is 
intensity dependent, the combination of the nonlinear 
component and the spectral filter enhances the contrast 
ratio between the peak intensity of a main pulse and the 
intensity of any low lying pre-pulse or pedestal. By 
amplifying the optical signals at the selected harmonic 
frequency prior to their recombination with the 
fundamental, there results in a significant further 
improvement to the contrast ratio, and hence the quality 
of the pulses. 

Provided the amplification at the selected harmonic 
frequency is sufficient to overcome the attenuation 
caused by the spectral filter, the above described 
arrangement will continue to act as an amplifier of 
optical pulses at the fundamental frequency. 
Furthermore the pulses will be compressed by their 
passage through the optical device, and amplification at 
the selected harmonic frequency will also enhance this 
pulse compression. The device is therefore capable of 
providing amplified, compressed pulses having an 
enhanced contrast ratio and hence less amplification of 
any unwanted pre-pulses or pedestals. Preferably the 
nonlinear optical component is adapted to generate a 
second harmonic frequency optical signal as the selected 
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harmonic frequency, although higher harmonic signals can 
be employed if desired* 

Conveniently, the nonlinear optical component • 
additionally constitutes the recombination device. By 
constraining the amplified optical signals to pass 
through the nonlinear optical component a second time 
with the appropriate relative phase,, the: nonlinear ; 
component can be employed both as a harmonic generator ' " : 
and a recombination device. 

The nonlinear optical component is conveniently a 
frequency doubling crystal such as a B Barium Borate 
crystal. Preferably the spectral filter device, where ; 
one is provided, comprises a dichroic mirror. A 
dichroic mirror with a high reflectivity at the : selected- 
harmonic frequency and a low reflectivity at the 
fundamental frequency is capable of providing the 
enhancement to the contrast ratio discuss^-etMbve, and 
also redirecting the optical signals to pass again 
through the nonlinear optical component where such. is to. 
be employed to recombine the fundamental and harmonic 
signals. Where a spectral filter device stfdh ?S:a 
dichroic mirror is provided, the amplification of the- 
selected harmonic frequency can take place -before * 
filtering, after filtering, of even both before and . 
after filtering providing that the amplifier gain has 
not been saturated. ' ; 



The invention further resides in a nonlinear 
optical device comprising a nonlinear optical component, ; 
adapted to transmit pulses of electromagnetic radiation 
at a predetermined fundamental frequency and to generate 
one or more harmonic frequency signals therefrom; a; 
spectral filter device capable of differentially • r £J :^ 
attenuating optical signals at the fundamental v f reqiocency;: , . 
to a greater extent than those at a selected harmonic 
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frequency; ah amplifier tuned to amplify optical signals 
at the selected harmonic frequency; and a recombination 
device adapted to recombine the amplified signals at the 
selected harmonic frequency together with the 
transmitted optical signals at the fundamental frequency 
such that the optical signals at the selected harmonic 
frequency are at least partially reconverted into the 
fundamental frequency. Such a device could be employed 
in an optical amplifier (such as a regenerative 
amplifier) , an optical repeater, an oscillator, an 
optical switch, or as a substitute for a saturable 
absorber. 

According to one convenient arrangement the optical 
device further includes switch means adapted to switch 
pulses of electromagnetic radiation selectively between 
two predetermined pathways. The switch means 
conveniently comprises a polarising beamsplitter. The 
switch means may be used in order to inject pulses of 
electromagnetic radiation into the device, for example 
to initiate the device when used as a laser. 
Alternatively the switch means may be used to extract 
electromagnetic radiation at unwanted frequencies. 
Conveniently the device further includes an 
acousto-optic modulator adapted to mode lock the device 
at the predetermined fundamental frequency. 

Conveniently the device further includes a second 
nonlinear component adapted to transmit pulses of 
electromagnetic radiation at the predetermined 
fundamental frequency and to generate one or more 
harmonic frequency signals therefrom; and a second 
spectral filter device capable of differentially 
attenuating optical signals at the selected harmonic 
frequency to a greater extent than those at the 
fundamental frequency. Such an arrangement can be used 
to avoid the possibility that the intensity of 
electromagnetic radiation at the fundamental frequency 
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becomes so high that it starts to be reconverted to the 
selected harmonic frequency on subsequent; passage ; 
through the nonlinear optical component. The second 
nonlinear component and the second spectral filter 
device together provide an intensity dependent loss at 
the selected harmonic frequency. 

The invention further resides in a method of 
manipulating optical signals iat a predetermined 
fundamental frequency comprising the steps of at least 
partially converting the optical signals into ohfc or 
more harmonic frequency signals; amplifying the optical;- 
signals at a selected harmonic frequency; arid 
recombining the amplified optical signals at the 
selected harmonic frequency together with the optical • . 
signals at the fundamental frequency such that the 
optical signals at the selected harmonic: f requency 'a re . 
at least partially reconverted into the fundamental 
frequency. The method preferably includes 'the further 
step of differentially attenuating the signals at the 
fundamental frequency to a greater extent than those at 
the selected harmonic frequency, prior to their 
recombination. 

The invention will now be further described/ by way 
of example only, with reference to the accompanying 
drawings, in which; 

Figure 1 is a schematic diagram of a nonlinear 
optical device in accordance with the invention; 

Figures 2a to 2f are graphical representations 
showing the performance of the device of Figure 1 
under various conditions; 

Figure 3 is a schematic diagram of the device of 
Figure 1 when employed in a regenerative amplifier;. 
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Figure 4 is a schematic diagram of the device of 
Figure 1 when employed in an alternative embodiment 
of regenerative amplifier;, and 

Figure 5 is a schematic diagram of a nonlinear 
optical device in accordance with an alternative 
embodiment of the present invention. 

Referring to Figure 1 there is shown a nonlinear 
optical device comprising a laser 1 emitting high 
intensity optical pulses of fundamental frequency w, and 
a nonlinear crystal 2 such as Beta Barium Borate, at 
which the pulses are directed. The nonlinear crystal 2 
partially converts the pulses of frequency w into a 
second harmonic signal of frequency 2 w and this signal, 
together with the unconverted signals at frequency w, is 
passed to an optical amplifier 3. The amplifier 3 is 
tuned to amplify optical signals at the frequency 2 w, 
but not those at other frequencies such as the 
fundamental frequency. 

The optical signals emerging from the amplifier 3 
are incident on a dichroic mirror 4 which has a 
reflectivity approaching 1 for optical signals at the 
second harmonic frequency 2, but a reflectivity much 
less than 1 for optical signals at the fundamental 
frequency w. Reflected signals from the dichroic mirror 
4 then pass through the nonlinear crysal 2 a second 
time, the phase difference between the signals at w and 
2 w at this stage being such that the amplified second 
harmonic signals are at least partially reconverted back 
to the fundamental. This appropriate phase relationship 
can be achieved either by adjusting the critical 
distance x in air between the crystal 2 and the mirror 
4, or by employing a phase adjusting plate (not shown). 
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The effect of the optical devide will tf&n be; ; } 
described. The conversion by the norilineiar cr^,t:ai'.2. i ;pf. "'.;7 
optical signals from the fundamental £req^hq$; to thejt 1 ' 
second harmonic frequency is intensity dependant. There 
then follows amplification at 2 w by the amplifier 3 and— 
attenuation at w by the dichroic mirror 4. Thus the - - 
intensity of the reconverted signal frequehCy'W 
critically dependent on the intensity of' the initial 
pulse incident on the crystal 2. Figure, 2a shows the 
effect of the device as the intensity of the ihcidenfci- 
optical signals varies, with the gain of the^araplif ier - 
at 2 w set at 10 and for different reflectivities of- the 
dichroic mirror at w ranging from 0.5 ^ 0 . 02 * -As can- be 



seen from the graph, for low values of Rw, pulses of, 
intensity of around 10 W/m are amplifies whalst ' 
those of either higher or lower intensities ar$ 
attenuated. The effect is even more dramatic ,with.,£^e 
gain of the second harmonic amplifier, aet^ 
although the critical intensity changes s Xi'^ht ly v . . Th^S s 
is illustrated in Figure 2b, 



With the response of the device being so dependent 
on the intensity of the incident pulses^ £^ 
be used to eliminate spurious signals such as 
pre-pulses, pedestals or other noise which, .lie, outside,: „ 
or towards the edges of the intensity Window bf' the ' 
device- Figure 2c shows how the contrast^ ratio* i.e. > . . • 
the ratio of the peak intensity of a f nfeiri ? puTse f to -that- M 
of a pre-pulse, is enhanced for an initial contrast . tr .... 
ratio of 10:1 (i.e. the unwanted^- secondary ptilse. is -.V' ? • • 
l/10th the intensity of the main pul'Se) '. :" The 9&iri of 
the second harmonic amplifier is 10 and /( as^before, thg. ^.^j 
different curves correspond to different values fp^fche 
reflectivity of the dichroic mirror at ':he 'Stj^&me^&lf^-^^-^ 
freqency. In Figure 2d the second- hBTflaonic atep^l if iw^w^'^r^*- /* 
gain is as before, but the initial cdfttiraifc ' titi'd : «/;'-r«'tf: 
100:1 (i.e. the unwanted pulse Is ib0tK'>tffcfe^ 
the main pulse). Figures 2e and" if ' J Sii^ 
to the contrast ratio with the^galn o^ 
harmonic amplifier set at ^or^tn tb^ 
contrast ratios of 10:1 and lO0:l\ refigedto^ 
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■". it will be seen from these figures that for an initial 
f ';• contrast ratio of 100:1, an amplif ier gain of 100 at the 

second harmonic frequency, and a reflectivity of the 
dichroic mirror at the fundamental frequency of 0,02, 
the contrast ratio can be enhanced by a factor of over 
1500. 

Figure 3 shows the device used as part of a 
regenerative amplifier. In addition to the nonlinear 
crystal 2, amplifier 3 and dichroic mirror 4, a second 
dichroic mirror 5 is present, together with a switching 
unit 6 which is used to switch in and out pulses from a 
laser source 7. The additional mirror 5, in contrast to 
the mirror 4, has a reflectivity which approaches 100% 
for optical signals at the fundamental frequency w but 
which is considerably less for optical signals at the 
second harmonic frequency 2 w. Light pulses from the 
laser 7, which may be a simple low quality laser, are 
amplified, compressed, and improved in quality by 
repeated passes through the nonlinear device. 

Figure 4 shows the regenerative amplifier of 
Figure 3 together with certain additional features. The 
switch unit comprises a polarising beamsplitter 9 and, 
in contrast to mirror 5 of the embodiment of Figure 3, 
mirror 10 has a reflectivity which approaches 100% for 
optical signals at the second harmonic frequency 2w but 
which is considerably less for optical signals at the 
fundamental frequency w. Between the beamsplitter 9 and 
the mirror 10 is an acousto-optic modulator 11. 

In the alternative pathway provided by the beam 
splitter 9 is a further nonlinear crystal 12 and a 
further dichroic mirror 13, the mirror 13 having a 
reflectivity which approaches 100% for optical signals 
at the fundamental frequency w but which is considerably 
less for optical signals at the second harmonic 
frequency 2w. In operation the device will initially 
lase at the second harmonic frequency 2w between mirrors 
4 and 10, in similar fashion to the device of Figure 3. 
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However, as the intensity of optical sisals at 

fundamental frequency w increases, the optical signals 

at frequency w passing back through the non-Tiriear 

crystal 2, having been ref lectfeiT by " trfa?*?«to«f • ' w * 

to be reconverted into the second harmohl^-^T^^fettfey ' " ^ r 

2w. This is compensated for by the i)&aitf spiittflff -9*^ f . - - ■■ 

crystal 12 and mirror 13 which* rely w o*f' eh#^fl^^thtt1i?^bh^ -^^^ - 

optical signals at w and 2w are' air otftHtig^^ 

polarised. If the intensity of optical 's i^afia ; art */ fehfc>:: ^-^r'' 

fundamental frequency w exceeds a pretitetefcfi^^ ■',;.» >*jh 

threshold intensity, the further • Acmlfam&Pt-G^^ 

begins to convert optical s iga^a ls, : : f 5 ro^ ^J;p . 2# A> ; . ; , . 

combination of the crystal 12 and mirror ^>^, ? ^ ^. 

has a poor reflectivity at 2w, • proves aft^ 

dependent loss at the second harmonic frequency 2w, 

thereby preventing the deleterious effect on the optical 

signal of reconversion to the second harmonic frequency 

2w . - ' 

Figure 5 illustrates an alt^rhdti^*^^a^«r fff ^ 
the invention. Pulses from'*he^ 
nonlinear crystal 2 and the second Ha ^ 
signals generated thereby are ' axnpli*letfr^ 

amplified signals at 2 w are at ' least pa'^tai:^ f ' 

reconverted into signals at the furida^ 

a second nonlinear crystal 8 . Even th^h v ^udh ,; ^^' ^ ,f ^ i!&w"'T 
arrangement does not improve 



it does offer certain advantages. Firstly,' it J 6per$&e$ hr 
as an amplifier of optical signals at th^-'r tira atefentai N5; ^'^ 
frequency, but as the actual fcftpIifitfS^ 

at the second harmonic frequency* amplified ^Sp&«tdheous : vM/:*-/*?^ 

emmision (ASE) at the fundamental f seqenGYiidiBx-}^- <■■ : ' 9i . r ^.- '^l^uti^h^ 

minimi sed . Second ly , the appa ra tus envies an $ipp U ?if * ^ , j, 

tuned to a second harmonic frequency in the visible 

region of the electromagnetic spect irliift "to ; pirovM^ 

at a fundamental frequency in .bM-'^fi^^m^ .p^;vfch^, f ^. : - 

spectrum. . ...... 
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1. A nonlinear optical device comprising a source of 
intense pulses of electromagnetic radiation at a 
predetermined fundamental frequency; a nonlinear optical 
component adapted to transmit the pulses of 
electromagnetic radiation and to generate one or more 
harmonic frequency signals therefrom; an amplifier tuned 
to amplify optical signals at a selected harmonic 
frequency; and a recombination device adapted to 
recombine the amplified signals at the selected harmonic 
frequency together with the transmitted signals at the 
fundamental frequency such that the optical signals at 
the selected harmonic frequency are at least partially 
reconverted into the fundamental frequency. 

2. An optical device according to claim 1 wherein there is 
additionally provided a spectral filter device capable 
of differentially attenuating optical signals at the 
fundamental frequency to a greater extent than those at 
the selected harmonic frequency. 

3. An optical device according to claim 1 or claim 2 
wherein the nonlinear optical component is adapted to 
generate a second harmonic frequency optical signal as 
the selected harmonic frequency. 

4. An optical device according to any of claims 1 to 3 
wherein the nonlinear optical component additionally 
constitutes the recombination device. 

5. An optical device according to any of claims 1 to 4 
wherein the nonlinear optical component comprises a 
frequency doubling crystal. 

6. An optical device according to any of claims 2 to 5 
wherein the spectral filter device comprises a dichroic 
mirror . 
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7. A nonlinear optical device comprising a nonlinear 
optical component adapted to transmit pulses of 
electromagnetic radiation at a predetermined fundamental 
frequency and to generate One or more harmonic frequency- 
signals therefrom; a spectral filter device capable of 
differentially attenuating optical signals at the 
fundamental frequency to a greater exfceftt than those at 
a selected harmonic frequency; an amplifier tuned to 
amplify optical signals at the selected harmonic 
frequency; and a recombination device adapted to ; ' 

recombine the amplified signals at the selected harmQnic::'- 
frequency together with the transmitted optical signals 
at the fundamental frequency such that the optical 
signals at the selected harmonic frequency are g.t least ; 
partially reconverted into the fundamental frequency. . 



8. An optical device according to claim 7 and further 
including switch means adapted to switch pulsG's of 
electromagnetic radiation selectively between two : 
predetermined pathways. 

9. An opitcal device according to claim 8 wherein the' 
switch means comprises a polarising beamsplitter. ; - ; 

10. An optical device according to any of claims ;7 to 9\ and 
further including an acousto-optic modulator adapted" to . 
mode lock the device at the predetermined fundamental 
frequency. 

11. An optical device according to any of claims 8 to 10 and 
further including a second nonlinear cGrapbrieftt* adapted" 
to transmit pulses of electromagnetic radiation at; th£; : 
predetermined fundamental frequency and to generate : one 
or more harmonic frequency signals therefrom; and a 
second spectral filter device capable of differentially 
attenuating optical signals at the selected' harxripnic 
frequency to a greater extent than those at the. 
fundamental frequency. 
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12. An optical amplifier incorporating a nonlinear optical 
device according to any of claims 7 to 11. 

13. An amplifier according to claim 12 wherein the amplifier 
is a regenerative amplifier. 

14. An optical repeater incorporating a nonlinear optial 
device according to any of claims 7 to 11. 

15. An oscillator incorporating a nonlinear optical device 
according to any of claims 7 to 11. 

16. An optical switch incorporating a nonlinear optical 
device according to any of claims 7 to 11. 

17. A method of manipulating optical signals at a 
predetermined fundamental frequency comprising the steps 
of at least partially converting the optical signals 
into one or more higher harmonic frequency signals; 
amplifying the optical signals at a selected harmonic 
frequency; and recombining the amplified optical signals 
at the selected harmonic frequency together with the 
optical signals at the fundamental frequency such that 
the optical signals at selected harmonic frequency are 
at least partially reconverted into the fundamental 
frequency. 

18. A method according to claim 17 including the further 
step of differentially attenuating the optical signals 
at the fundamental frequency to a greater extent than 
those at the selected harmonic frequency, prior to their 
recombination . 
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